INTRODUCTION
The characteristics of martensitic transformations can be strongly influenced by the presence of secondphase precipitates inside the matrix. After the early studies of Rapacioli, Chandrasekaran and Lovey [1, 2] on the formation of y precipitates in the P matrix of Cu-Zn-A1 shape memory alloys, further work has been devoted to the effect of such distributions of precipitates on the martensitic transformation (P-l8R) of this alloy [3-51 as well as the behaviour under thermal [6, 7] and pseudoelastic cycling [8] . The studies have been restricted to single crystals with an electron to atom ratio e/a=1.48. The present paper will review the main results.
Precipitates of the y phase can be produced in the P phase matrix of Cu-Zn-A1 alloys by several heat treatments [I-51. For example, the quench from temperatures in the range 670-970K (near the B2 ordering temperature) to temperatures lower than 320K (but higher than Ms) produces a distribution of small precipitates (-10 nm size) coherent with the matrix. These precipitates, often called "y-type" precipitates, are formed during the quenching under non-equilibrium conditions and their size and distribution depend on quenching characteristics. The majority of the particles are found to be cube shaped, the cube faces being parallel to the ( 1 0 0 )~ planes. After quenching, the electron diffraction patterns show inconmensurate spots coming from the precipitates, slightly displaced from the exact positions at 113 distances between the fundamental P reflections [2] . This incommensurate-like behaviour has been interpreted, after HREM studies, as produced by small domains (-5 nm) fragmenting the precipitates [9] . The precipitates can be made to grow by additional short time ageings (flash heatings) at temperatures between 520 and 770 K. After ageing, the electron diffraction patterns show commensurate positions as well as y superlattice reflections. The flash heating causes the precipitates to change gradually towards the equilibrium y Cu-Zn-A1 (either by ordering or by incorporating Al). The basic structure of the precipitates can be considered as very close to that of y Cu-Zn, the presence of A2 and boundary defects accounting for the differences [9] .
When the first thermal treatment does not produce precipitates, such as a quench from the P stability region (-1 loOK), the precipitates can as well be formed and made to grow by the additional flash heating. In this case, less dense distributions of precipitates are, generally, obtained.
When precipitates reach sizes bigger than -100 nm they lose the coherency with the mamx, being encircled by misfit dislocation loops with Burgers vectors of <100>p type on the ( 100)p faces as well as <100>p and 1/2<111>p vectors on the ( 1 10)p faces [10, 11] . 
EXPERIMEiNTAL PROCEDURES
We will give here some details concerning the alloys and their thermal treatments for which experimental results will be presented below.
The compositions of the single crytals grown by the Bridgman method, Cu-16.1% A1 -15.5% Zn and Cu-16.3% A1 -15.3% Zn (at %), corresponding to electronic concentration e/a = 1.48, were mainly used. Their nominal transformation temperatures Ms are about 260-270 K and the B2 and L21 ordering temperatures are -820K and -650K, respectively. Mainly two thermal treatments have been used, which are representative of the treatments generating y precipitates: TTB: From the stability region of ! 3 phase (1 120K), air cooling to 770K and, after 180s at this temperature, quenching in ice-water. TTD: After 15 min at 1120K quenching into water at room temperature (-290K).
Subsequent flash heatings at distributions of Y ~reci~itates treatment and &e ti. The 670 K for different times t*, followed by water quenching (290K), produce of variable densities and precipitate sizes, depending on the previous thermal results obtained for the thermal induced transformation in samples with precipitates have been compared with those corresponding to a reference thermal treatment (named TT1) which do not produce precipitates: air cooling from 1120 K to room temperature, and 24 hours aging at this temperature before the first transformation cycle.
The martensitic transformation of samples containing precipitates has been studied mainly by means of electric resistance measurements and calorimetry coupled with acoustic emission. In the present paper we will show results concerning the latter techniques. The high sensitivity calorimetric system, working at heating/cooling rates in the range 0.1-0.3Wmin has been described elsewhere [12, 13] . The results of microscopic observations will be presented as well.
EFFECT ON TEMPERATURE-INDUCED TRANSFORMATIONS
Concerning the transformation temperatures (figure I), a different evolution with the time, t*, of flash heating is observed in the forward and reverse transformations. The temperatures Ms and Mf are progresively decreasing by increasing t* until t*-100s, i.e. increasing the size of precipitates until -1pm.
Their values are always lower than the reference ones (TT1 treatment). The same behaviour is observed for As and Af for t*<40s. Nevertheless, for longer flash heating times the reverse transformation is shifted to higher temperatures, even overcoming the reference ones. This evolution taking place in transformation temperatures results in significant increases of thermal hysteresis. Cycles shifted towards lower temperatures or including the reference one are obtained, in each case with larger area than the reference cycle. In the same way, the transformation ranges aM=Ms-Mf and AA=A~-As also increase.The behaviour is qualitatively the same regardless the thermal treatment prior to the flash heating being TTB or TI'D. A noticeable diference shown by the samples subjected to TI'D prior to flash heating is that the drastic increase of retransformation temperatures appears for somewhat higher t* values. By means of properly chosen experiments it has been verified that the decrease of transformation temperatures are not produced neither by changes in ordering during the flash heating nor by dislocations eventually produced when quenching back to room temperature. Values of transformation temperatures, heats exchanged and entropy changes for TTB and ?TD samples with variable t* can be found in refs. [4, 5] .
Previous studies, monitoring the transformation by electrical resistance changes, have shown that for larger plateau times (t*=180s) the whole transformation cycle is shifted towards higher temperatures and is considerably more tilted than the reference one (increase in AM and AA). Such behaviour is explained by a larger amount of y phase in the matrix which induces noticeable changes in the P composition (becoming poorer in A1 content), shifting the equilibrium temperature to higher values and creating concentration gradients in the matrix, which increase AM and AA [3].
Restricting our discussion to t* values up to 100s, we can distinguish two main situations, corresponding to t*<40s and t*>40s. For short flash heating times, the elastic contributions to the thermoelastic balance [14, 15] take increasing values with t*, reaching values of 40-60 Jlmol(2-3 times the reference ones) [4, 5] . Optical and transmission electron microscopy observations have shown that in this situation the precipitates (up to -0.4pm) are completely absorbed by martensite plates (figure 2a). It is known that the shape deformation associated to the Ptll8R transformation results in a change of the interplanar distance between the (100) planes of the P phase: one distance becomes shorter by about lo%, another increases by 10% while the third remains almost unchanged 1161.
K
For cuboidal precipitates with ( IOO}p habit plane, the cubic hole in the matrix where the precipitate is embedded has to be changed, due to the transformation, into an orthorombic shape. Due to this shape change a large amount ~f ' of elastic accommodation is needed. In fact, the presence of precipitates increases the elastic energy about 20 Jlmol [4-51, which is consistent with the "extra driving force" AMs AS, with AMs-15 K and AS-1.2 JlmolK. This elastic energy is essentially recovered through 230 the reverse transformation since the cubic shape is also recovered (however, as it will be 220 commented below, partial relaxation occurs Larger precipitates (produced after flash heating for t*>40s) are more difficult to be absorbed by a single martensite plate. In this case the transformation proceeds by the formation of smaller plates between precipitates with the usual self-accommodating character but with much smaller sizes, depending on the precipitate distribution density. Near the precipitates the self-accommodation is difficult and complex arrangements of very small plates are produced (figure 2b). This behaviour accounts for the decrease observed in the elastic term, as well as for the important increase in the friction (hysteresis width) [17-181. In this case, the hysteresis does not depend directly on the size of precipitates, as does the decrease of Ms observed for t*<40s do, but depends on the distribution density, i.e., the distance between precipitates, which restrict the martensite date size. 
THERMAL CYCLING
The successive thermal or mechanical cycling through a martensitic transformation, even of thermoelastic character, introduces defects in the material and affects the transformation characteristics. In Cu-Zn-A1 shape memory alloys (with no precipitates) the effects of thermal cycling on the martensitic transformation have been analysed by several authors [19-241. Some particular effects have been found when considering thermal cycling in samples with y precipitates. They are interesting not only because the transformation mechanisms can be better understood, when comparing with precipitate-free samples, but also because in some cases the behaviour of the material under thermal cycling is clearly improved, which is important for practical applications.
In order to summarize the main features we will show the results obtained by calorimetry and microscopy in samples with TTB/t*=20s and 'ITD/t*=60s (mean size of precipitates of 60nm and 300nm, respectively), thermally cycled up to 300 cycles. They are representative of the different behaviours of samples containing dense distributions of small precipitates (case TTB/20s) and distributions of bigger precipitates (case TTD/60s). The hysteresis cycles and their evolution are presented in figure 3 . As it can be seen, in the first case the macroscopic characteristics of the transformation are practically unaltered by cycling. Only a relatively small smoothing of the thermograms and a reduction of the values of Q (heat exchanged) and AS, mainly related to retained martensite (which also occurs in precipitate-free samples cycling) are noticed. Conversely, the specimens containing bigger precipitates show a marked evolution of the transformation temperatures during cycling, specially the Ms and Mf, shifting the transformation cycle to higher temperatures and reducing its hysteresis, thus approaching the reference thermal treatment behaviour [6, 7] . TEM observations have been performed from cycled bulk samples, at different stages of cycling, in order to follow the generation of dislocations [7] and to compare with corresponding precipitate-free samples, which were previously studied [24] . Dislocations of mixed type, mainly with b=<100>p and u=<111>p are formed in the matrix between the precipitates. These dislocations are of the same type as those formed in samples without precipitates, although the distributions observed in samples containing precipitates have always lower densities, specially in the cases of big precipitates. It must be remembered that martensite plates are smaller in samples with precipitates, being also this difference more marked as bigger the precipitates are (the plates can not overcome the precipitates). These facts confirm the relationship between the martensite plate size and the formation of dislocations in the impingements of martensite plates, discussed in [7, 18, 24] . Dislocations also appear in the matrix surrounding the precipitates [7] . Small dislocation segments connecting the matrix with the faces of initially coherent precipitates are already visible after the first stages of cycling (up to 50 cycles). Bigger and denser dislocation arrays are formed in the vicinity of initially non-coherent precipitates (see figure 4) . The formation of these dislocations reveal a non-completely elastic accommodation of the intrinsic deformation associated to the martensitic transformation commented above. Nevertheless, once formed, the main role of these dislocations is to facilitate the martensite-precipitate accomodation, thus reducing the elastic energy involved in the transformation, as it has been confirmed from calorimetric measurements. This effect is more pronounced in the specimens containing bigger precipitates. The role played by both kinds of dislocations is different. In the first case, being the dislocations observed in the matrix between precipitates equivalent to those observed in the matrix of precipitate-free specimens, it can be can assumed that, in a first approximation, they bring about the same effects. These effects mainly consist of a sligth decrease of the whole transformation cycle to lower temperatures (-5 K for 200-300 cycles) and a few degrees increase of hysteresis [23, 24] . On the other hand, as mentioned above, the dislocations around the precipitates reduce the energy for the accommodation of the martensite in the following cycles and, then, reduce as well the overcooling needed in the first cycles, thus increasing the transformation temperatures. In the case of dense and small precipitates, the effect of the dislocations in the matrix is compensated by the reduction in martensite-precipitate accomodation energy, thus leading to a high stability of the transformation during cycling. When big precipitates are present the latter term is clearly dominating, which is reflected in the experimentaly observed evolution of transformation temperatures.
STRESS-IhDUCED TRANSFORMATIONS. PSEUDOELASTIC CYCLING
Pseudoelastic cycling through the martensitic transformation, induced by tensile stress at constant temperature, has been the subject of several studies in Cu-Zn-A1 with no precipitates, concerning specially the fatigue behaviour [25-271. Additional interest in pseudoelastic cycling is related to the fact that it is one of the available methods to induce the two way shape memory effect (TWSME) [28] .We will concentrate on the effects of y precipitates on the stress-strain curves and their evolution, as well as on the induction of the TWSME by pseudoelastic cycling in tension.
The transformation cycle (o -E) is modified by pseudoelastic cycling. In precipitate-free single crystals a decrease of I S , (critical stress to start the transformation) and an increase of the stress necessary to complete the transformation (transformation hardening) is observed [25] . Both effects lead to an increased slope of the curves, being the hysteresis also increased (by a factor -2). In samples with dense distributions of small precipitates (-100 nm), obtained after a TTB treatment, the loading path gradually shifts to lower stresses during the first stages of cycling, heavily reducing the hysteresis width (figure 5). This evolution is qualitatively equivalent to that found after thermal cycling in samples containing big precipitates, as described above. After a more prolongued cycling, the start of the transformation (end of retransformation) is progressively shifted to lower stresses, thus tilting the o-E curves, but, at difference with precipitate-free material, no increase of stress is observed at the end of transformation (start of retransformation), i.e. no net hardening is produced.
TEM observations of pseudoelastically cycled precipitate-free specimens showed the presence of dislocations in the P matrix (b=<100>~, u=<111>~) arranged in bands [29] . In the samples containing precipitates, such bands have also been observed, but in smaller amounts and after more prolongued cycling. As an example, in a sample without precipitates cycled until 1500 cycles it was estimated an average distance between bands of 370 ym, while nearly no bands were observed in a specimen with Dislocation loops around the precipitates were also observed after cycling (figure 6). The Burgers vectors of the loops are parallel to the [010] direction of the induced martensite variant. These loops, formed after the first cycles, facilitate the accomodation of the stress-induced variant lowering the accomodation energy for this variant and, then, the transformation stress.
This fact brings about a "selection" of this variant, which is manifested by the presence of the TWSME.
Indeed, in samples containing precipitates, the TWSME has been observed after a few hundreds of cycles (one order of magnitude lesser number of cycles than in precipitate-free material [30]), when the dislocation bands in the matrix (which are responsible of the TWSME in the specimens without precipitates) are still not formed. The facility of the induction of the TWSME and the better stability of transformation temperatures during thermal cycling in samples with precipitates are attractive results regarding the applications of these materials.
